ABSTRACT Delivery of biomolecules to the correct subcellular locales is critical for proper physiological function. To that end, we have previously determined that type I and II transforming growth factor beta (TGF-β) receptors (TβRI and TβRII, respectively) localize to the basolateral domain in polarized epithelia. While TβRII targeting was shown to be regulated by sequences between amino acids 529 and 538, the analogous region(s) within TβRI is unknown. To address that question, sequential cytoplasmic TβRI truncations and point mutations identified a targeting motif between residues 158 and 163 (VxxEED) required for basolateral TβRI expression. Further studies documented that receptor internalization, down-regulation, direct recycling, or Smad signaling were unaffected by motif mutations that caused TβRI mislocalization. However, inclusion of amino acids 148-217 containing the targeting motif was able to direct basolateral expression of the apically sorted nerve growth factor receptor (NGFR, p75; extracellular and transmembrane regions) in a dominant manner. Finally, coexpression of apically targeted type I and type II TGF-β receptors mediated Smad3 signaling from the apical membrane of polarized epithelial cells. These findings demonstrate that the absence of apical TGF-β signaling in normal epithelia is primarily a reflection of domain-specific receptor expression and not an inability to couple with the signaling machinery.
INTRODUCTION
Epithelial structures routinely manifest a strict asymmetric design demarcated by intercellular tight junctions that prevent the flow of solutes and macromolecules between the luminal facing apical domain and the basolateral plasma membrane, which interfaces with neighboring cells and the extracellular matrix (Mellman and Nelson, 2008; Bonifacino, 2014; Stoops and Caplan, 2014) . This results in the formation of distinct membrane domains with diverse cellular functions (Odorizzi and Trowbridge, 1997; Yeaman et al., 1999; Wodarz and Nathke, 2007) . To maintain this polarity, newly synthesized proteins have been shown to undergo apical/basolateral sorting at a number of subcellular locales, including, but not limited to, the cis-or trans-Golgi, recycling endosome, and/or endosomal subdomains (Miaczynska and Zerial, 2002; Ang et al., 2004; Farr et al., 2009; Stoops and Caplan, 2014) . This process is regulated by distinct apical or basolateral sorting signals such as GPI-anchor and N-or O-linked glycans for apical determinants and tyrosine (e.g., NPxY) or dileucine (e.g., D/ExxLL) motifs for basolateral trafficking (Wandinger-Ness et al., 1990; Matter et al., 1992; Hunziker and Fumey, 1994; Simmen et al., 1999; Stoops and Caplan, 2014) . Disruption of this system can result in a variety of developmental defects and has been implicated in the progression of numerous disease phenotypes (Stein et al., 2002; Verges, 2007; Mellman and Nelson, 2008; De Matteis and Luini, 2011; Stoops and Caplan, 2014) .
Transforming growth factor beta (TGF-β) signaling is mediated via a heteromeric interaction of type I (TβRI) and type II (TβRII) receptors (Wrana et al., 1992; Anders and Leof, 1996) . Ligand binding to Figure 1A and Supplemental Figure S1A ). To more critically define this activity required for basolateral delivery, additional deletions and point mutations (e.g., within the context of the fulllength receptor) were made within amino acids 161-354. As shown in Figure 1B and Supplemental Figure S1 , B-E (the Supplemental Data show additional transfected cells), while mutation of residues 163-168 had no significant impact on basolateral TβRI delivery, alanine mutations in amino acids 161-164 resulted in similar apical expression as previously shown by deletion of residues 160-503.
Additional combinatorial and point mutations both within as well as upstream and downstream were generated to further define this potential motif (Figure 2 and Supplemental Figures S2 and S3) . Although individual alanine mutations within the acidic EED domain were without effect (e.g., TβRI was basolaterally expressed), apical mislocalization was observed when either E161/E162 or E162/D163 were modified. However, the analogous double E161/D163 mutation was not sufficient to promote apical expression (e.g., similarly to the previously discussed individual mutations; Figure 2A and Supplemental Figure S2 , A and B). Whereas various double mutations within residues 161-163 imparted significant apical staining, basolateral receptor staining (in the absence of apical) was still apparent (Supplemental Figure S2B ). However, when all three amino acids (e.g., E161/ E162/D163) were mutated to alanine, a more robust apical response was observed as essentially no cells expressed receptors solely at the basolateral membrane ( Figure 2A and Supplemental Figure S2B ).
The previous data (Figures 1 and 2A and Supplemental Figure  S2B ) support an essential role for E161/E162/D163 in correct basolateral TβRI targeting. It does not, however, eliminate the possibility for a role of additional N-or C-terminal amino acids. To address that possibility, the adjacent four upstream (R157/V158/P159/N160) and five downstream (P164/S165/L166/D167/R168) residues were individually examined as well as in the context of E161 mutated to alanine. While mutation of R157, P159, N160 or any of the five downstream amino acids alone or with E161 had no detectable effect, the V158E161/AA construct showed both basolateral staining as well as apical mislocalization (Figure 2B and Supplemental Figures S2, C and D, and S3, A and B) .
In that no significant difference in apical staining was observed with either E161/E162/D163 or V158/ E161/E162/D163 mutated to alanine (Figure 2 and Supplemental Figure S2B ), yet V158 functions with E161 to promote apical TβRI delivery ( Figure 2B ), these data support a model whereby TβRI basolateral targeting is regulated by a hierarchical of activities within residues 158 VxxEED 163 (referred to as VEED motif). This is further supported by the lack of any demonstrable apical mislocalization by mutation of downstream prolines or a dileucine motif previously reported to function in TβRI internalization (Supplemental Figure S3C) (Shapira et al., 2012 AxxAAA 163 (αI-4X) were generated ( Figure 3 ). The chimeric system consists of the extracellular domain of the granulocyte macrophage colony-stimulating factor (GM-CSF) alpha or beta receptors fused to the transmembrane and cytoplasmic domains of TβRI or TβRII (Anders and Leof, 1996) . While providing greater technical flexibility, it has previously been shown to recapitulate native TGFβR trafficking and signaling activity (Anders and Leof, 1996; Doré et al., 1998; Mitchell et al., 2004; Murphy et al., 2004; Yin et al., 2013) . Analogous to that shown following transient transfection of native TβRI in Figures 1 and 2 and Supplemental Figures S1-S3, while expression of wild-type chimeric receptors is solely the constitutively active TβRII promotes complex formation with TβRI, TβRI phosphorylation, and subsequent TβRI kinase activation to modulate the growth and/or differentiation of numerous cell types (Wrana et al., 1994; Blobe et al., 2000; Morikawa et al., 2016) . The principal mediators of TGF-β signaling are the Smad proteins, primarily Smad2 and Smad3 (Feng and Derynck, 2005; Ross and Hill, 2008) . Once phosphorylated by TβRI, they translocate to the nucleus where they function as comodulators of various transcriptional responses (Feng and Derynck, 2005; Ross and Hill, 2008) . In addition to the Smad proteins, a number of Smad-independent pathways have been implicated in various aspects of TGF-β action (Hocevar et al., 1999; Moustakas and Heldin, 2005; Kang et al., 2009; Rahimi et al., 2009) .
Although the in vitro as well as in vivo responsiveness of epithelial cells to TGF-β is well known, and type I, II, and III (TβRIII) TGF-β receptors (TGFβRs) have all been shown to have an obligate basolateral expression profile (Murphy et al., 2004; Yakovich et al., 2010; Meyer et al., 2014; Nallet-Staub et al., 2015) , there is a relative paucity of information concerning the elements or activities regulating their spatial distribution. For TβRII, however, we previously reported that a COOH-terminal motif ( 529 LTAxxVAxxR 538 ) functioned to directly target TβRII to the basolateral membrane and was dominant to the apically directing signals in the influenza HA protein (Murphy et al., 2007) . Subsequent studies identified the retromer Vps35 subunit as an interacting protein that might impact polarized TβRII expression (Yin et al., 2013) . While retromer loss had no discernable impact on TβRII direct recycling or initial basolateral targeting, it was shown to maintain basolateral TβRII expression by controlling recycling endosome to plasma membrane delivery by way of clathrin, EEA1, and Rab11 positive compartments.
In contrast to TβRII, however, there are no reports describing analogous findings for TβRI. As the type I TGFβR is the primary mediator of TGF-β action, and the trafficking of TβRI and TβRII are known to be independently regulated (Murphy et al., 2004; Yin et al., 2013) , the current study was undertaken to address that issue. Evidence is provided that 1) a dominant-acting basolateral targeting motif for TβRI resides within residues 158-163 (VxxEED); 2) the 158 VxxEED 163 domain has no significant impact on TβRI internalization, recycling, or down-regulation; and 3) coexpression of apically targeted type I and type II TGFβRs induces Smad3 phosphorylation and PAI-1 induction following ligand addition to the apical membrane. The latter finding demonstrates that the absence of apical TGF-β signaling in normal epithelia reflects the importance of domain-specific receptor expression and not an inability to couple with the signaling machinery.
RESULTS

A novel cytoplasmic element between amino acids 158 and 163 mediates basolateral TβRI trafficking
Previous studies have shown that in polarized epithelial cells type I and type II TGFβRs independently traffic to the basolateral domain adjacent to the gap junctional complex (Murphy et al., 2004; Yakovich et al., 2010; Nallet-Staub et al., 2015) . While TβRII delivery is controlled by a dominant-acting motif located within amino acids 529-538 of the receptor's C-terminal tail (Murphy et al., 2007) , the presence and/or location of analogous elements in TβRI is unknown. To address that issue, the plasma membrane locale of Myc epitopetagged TβRI full-length and truncation constructs was determined following transient transfection into polarized Madin-Darby canine kidney (MDCK) cells. While deletion of cytoplasmic residues 355-503 had no demonstrable effect on basolateral targeting, TβRI truncated at amino acid 160 showed both basolateral as well as apical a wild-type chimeric type II and a targeting mutant type I receptor were grown on transwell dishes and exposed to biotin cross-linking from either the apical or basal chamber. Consistent with that shown by immunostaining, while the αI-4X mutant showed extensive apical biotin labeling, the wild-type βII receptor (as well as endogenous TβRI and TβRII) was only detected basolaterally.
Basolateral delivery of TβRI is direct and regulated independent of receptor recycling, internalization, and down-regulation Previous studies have determined that basolateral delivery of the type II TGFβR is direct and not dependent on transient association with the apical plasma membrane (Murphy et al., 2007) . In that this had not been investigated for the type I TGFβR, studies were undertaken addressing 1) a similar question for TβRI, 2) whether mutation of the VEED motif and subsequent apical expression altered the kinetics of plasma membrane delivery, and 3) whether chimeric TGFβRs showed analogous responses. To address the first two issues, following transient transfection of epitope tagged wild-type or VEED mutated native type I receptors, the kinetics of domain-specific plasma membrane expression was determined subsequent to release from a 20°C Golgi block. As shown in Figure 4A and quantitated in Figure 4B , TβRI directly traffics to the basolateral membrane and the loss of specific basolateral targeting has no significant impact on the kinetics of plasma membrane receptor expression whereby initial receptor staining is apparent by 60 min. These findings were confirmed using stable cell clones expressing analogous chimeric receptor constructs (Figure 4, C and D) .
While the type II TGFβR is known to undergo constitutive ligand-independent recycling Yin et al., 2013) , it is currently unknown whether TβRI is similarly regulated. To address that question as well as determine whether the basolateral targeting VEED motif impacted the response, recycling assays were performed in MDCK clones stably expressing wild-type and VEED TβRI mutant receptors. Similarly to that observed for TβRII, chimeric type I receptors recycle in the absence of ligand, and this occurs independent of the VEED domain ( Figure 5A ). Further support that the VEED motif is specifically controlling basolateral TβRI expression is shown in Figure 5 , B and C. Both the kinetics and extent of ligand-dependent internalization and receptor down-regulation, respectively, are unaffected by VEED mutation. Thus, while the VEED motif has an obligate role in targeting the type I receptor to the basolateral membrane in polarized epithelia (Figures 2-4) , TβRI recycling and expressed on the basolateral plasma membrane domains, the chimeric type I receptor mutated in the VEED motif shows both basolateral as well as apical staining ( Figure 3A) . Furthermore, consistent with our previous determination that types I and II TGFβRs traffic independently (Murphy et al., 2004) , mislocalization of the chimeric type I receptor had no impact on chimeric type II receptor basolateral targeting ( Figure 3A ). Additional confirmation that 158 VxxEED 163 is necessary for basolateral TβRI expression is shown in Figure 3B , where three independent MDCK clones stably expressing native type I TGFβRs to the basolateral surface (Figures 1-4) , it was next addressed whether it could provide similar basolateral targeting to an exogenous membrane protein. To address that question, NGFR constructs were prepared containing either the wild-type VEED domain or the identical region with VEED mutated to AAAA ( Figure  6A ). Following transient transfection into polarized MDCK cells, apical and basolateral receptor staining was determined. While the NGFR lacking the intracellular domain, as expected, demonstrated exclusive apical plasma membrane staining, inclusion of TβRI sequences containing the VEED motif directed the NGFR construct exclusively to the basolateral surface ( Figure 6B and Supplemental Figure S4 ). In contrast, mutation of the TβRI VEED basolateral targeting signal to AAAA abolished the effect. These findings indicate that the VEED motif is 1) capable of directing basolateral localization in a heterologous context, 2) dominant to apical signals within the NGFR, and 3) both necessary and sufficient to funnel cargo to a defined membrane locale.
Basolateral TGFβR targeting regulates plasma membrane domain-specific Smad signaling
The relation between TGFβR trafficking and signaling is complex, with evidence both supporting as well as not indicating a dependence (Hayes et al., 2002; Lu et al., 2002; Penheiter et al., 2002; Di Guglielmo et al., 2003; Shapira et al., 2012) . Since the previous data demonstrated that the VEED domain provided an obligate signal for basolateral TβRI localization, yet was dispensable for receptor recycling, internalization, or down-regulation, we addressed two distinct questions: First, would Smad activation, per se, be regulated by the TβRI VEED motif, and, second, if Smad phosphorylation was unaffected, would Smad signaling occur independent of the plasma membrane domain where TβRI and TβRII are expressed? To address the first of these questions, chimeric TGFβR expressing MDCK cells were stimulated with either GM-CSF (e.g., activates chimeric receptor signaling) or TGF-β (e.g., activates native receptors) and Smad3 phosphorylation was determined. As shown in Figure 7A (top), VEED wild-type and mutant chimeric clones induced Smad3 phosphorylation to a similar extent as that observed for endogenous receptors stimulated with TGF-β. Analogous results were observed in polarized MDCK clones (Supplemental Figure S5 ) as well as with native TGF-β receptors ( Figure 7A , bottom) following transient transfection of either the wild-type or VEED mutant TβRI into R1B cells that lack endogenous TβRI (Boyd and Massagué, 1989) .
In that the preceding data show that disrupting basolateral targeting of TβRI, per se, has no demonstrable impact on the ability of heteromeric TGFβR complex trafficking is independently regulated ( Figure 5 ).
The TβRI basolateral targeting domain is dominant to apical localizing elements in the nerve growth factor receptor Components within the transmembrane and/or extracellular domains of the p75 nerve growth factor receptor (NGFR) direct its expression to the apical plasma membrane of polarized epithelial cells (Breuza et al., 2002; Youker et al., 2013) . In that the previous data demonstrate that the VEED element targets both chimeric and expressing either full-length (αIβII; clone #7) chimeric type I and type II TGFβRs or a full-length chimeric type II (βII) and a chimeric type I receptor containing alanine point mutations at residues V158, E161, E162, and D163 (αI-4X; clone #6) were transwell polarized and stained for either the extracellular GM-CSF α or β chain or E-cadherin as described (Anders and Leof, 1996; Murphy et al., 2004 Murphy et al., , 2007 . Images are presented as perpendicular XZ cross-sectional images. Nuclei (blue) were stained with DAPI. (B) Biotinylation of endogenous TGFβRs and stably expressed chimeric TGFβRs in polarized MDCK cells. MDCK lines expressing wild-type βII either with αI or αIVEED/AAAA (αI-4X) were biotin labeled apically (AP) or basolaterally (BL) as described under Materials and Methods. Nonpolarized monolayer cultures were used to demonstrate total control labeling (C). Biotinylated proteins were extracted by streptavidin agarose beads and receptor specific antibodies were used for Western blotting. E-cadherin served as a basolateral marker, and GAPDH was used to confirm equal loading. Blots are representative of three separate experiments.
by domain-specific ability to interact with the signaling machinery? To perform these studies, chimeric wild-type (αI) or VEED mutant (αI-4X) type I receptors were coexpressed with a type II receptor expressing a mutation at amino acid 531 (βIIA531G), which we previously demonstrated promoted apical mislocalization but was signaling competent (Murphy et al., 2007) . As expected (Figure 3 ; Murphy et al., 2004 Murphy et al., , 2007 , confocal immunostaining of polarized cultures showed that αI had an obligate basolateral locale while αI-4X and βIIA531G showed both apical as well as basolateral expression ( Figure 7B ). In that both native and chimeric TGFβR signaling requires the formation of a heteromeric complex of type I and type II receptors, MDCK clones expressing αI-4X and βIIA531G (e.g., as they are both signaling competent) provided the first opportunity to determine whether apically expressed TGFβRs are capable of activating/coupling with the Smad signaling machinery (model depicted in Figure 7C ). This question was directly addressed in Figure 7 , D and E, where polarized cultures were stimulated with TGF-β or GM-CSF from either the apical or basolateral transwell chamber and Smad3-dependent activity assessed. While apical ligand delivery was unable to induce Smad3 phosphorylation from 1) endogenous TGFβRs irrespective of the chimeric receptor profile or 2) chimeric receptors if only one was apically expressed (e.g., αIβIIA531G clone), when both chimeric receptors were present on the apical surface (e.g., αI-4XβIIA531G clone) there was similar Smad3 phosphorylation regardless of the plasma membrane domain stimulated ( Figure 7D ). Analogous findings were observed by reverse transcriptase-PCR (RT-PCR) assessment of the Smad3 target gene PAI-1 in multiple clones expressing apical TGFβRs ( Figure 7E ).
DISCUSSION
A primary role of epithelial cells is to direct proteins to distinct plasma membrane surfaces, as polarity plays a fundamental role in defining their response to various environmental cues (Bonifacino, 2014; Stoops and Caplan, 2014) . This occurs through the development of intercellular tight junctions that selectively regulate the transfer of material between the apical luminal facing plasma membrane and the basolateral domain in contact with neighboring cells and the basal lamina (Bryant and Mostov, 2008; Mellman and Nelson, 2008; Apodaca et al., 2012) . This physical demarcation results in domain-specific functional differences due to the asymmetric distribution of cargo to either the apical or basolateral surfaces. For this to occur, the sorting and domain-specific delivery of TβRI (in the context of wild-type TβRII) to activate Smad3 phosphorylation, we next investigated whether TGFβRs expressed on the apical surface would be able to similarly stimulate Smad3 activation as endogenous basolateral receptors. In other words, is receptor locale the primary determinant of TGF-β signaling or is this regulated Dab2-, and retromer-dependent, Rab4-independent mechanism(s) Penheiter et al., 2010; Yin et al., 2013) . Moreover, as trafficking to the appropriate membrane domain in polarized epithelia is the initial event necessary for regulating epithelial cell growth and altered in a number of diseases (Stein et al., 2002; Verges, 2007; Mellman and Nelson, 2008) , additional studies have investigated whether TGFβRs show distinct apical/basolateral membrane expression in polarized epithelial cultures. As such, evidence has been generated that types I, II, and III TGFβRs all show obligate basolateral localization (Murphy et al., 2004 (Murphy et al., , 2007 Yakovich et al., 2010; Meyer et al., 2014) . Furthermore, basolateral targeting of TβRII and TβRIII occurs independent of the aforementioned canonical signals and is regulated by the sequence 529 LTAxxVAxxR 538 or proline 826, respectively (Murphy et al., 2007; Meyer et al., 2014) . Since analogous information has not been reported for TβRI, the current study addressed two fundamental questions: First, was TβRI basolateral expression similarly controlled by a defined cis-acting element, and if so, second, is TGF-β signaling dictated by domain-specific association with the signaling machinery or would apical mislocalization of both TβRI and TβRII respond to TGF-β ligand delivered from the apical surface?
To address the first of these questions, a number of cytoplasmic domain truncations and point mutations were made in both native and chimeric TβRI and their effect on basolateral targeting was examined. Immunostaining of transiently transfected as well as stable MDCK clones identified a four-amino-acid motif ( 158 VxxEED 163 ) responsible for directing basolateral TβRI expression, which was additionally confirmed by plasma membrane domain-specific surface biotinylation (Figures 1-3 and Supplemental Figures S1-S3 ). Further analysis determined that the VEED motif directly targeted TβRI to the basolateral domain and that it functioned independent of any detectable impact on TβRI recycling or ligand-dependent TGFβR internalization and down-regulation (Figures 4 and 5 ). This lack of any effect on TGFβR endocytosis is consistent with a previous report showing that while mutation of the acidic EED sequence is partially effective in inhibiting TβRI internalization in COS7 cells, it has only a very minor effect in mink lung R1B-L17 cells (Shapira et al., 2012) . Together with our results in MDCK cells, such findings indicate the importance of cell context (e.g., perhaps reflecting differences in the repertoire of adaptor proteins) in defining receptor endocytic/ trafficking activity.
In that 1) TGFβR basolateral targeting is not impacted by factors mediating basolateral delivery of other cargo such as Clostridium toxin B, μ1B, or pharmacologic disruption of cytoskeletal actin or microtubules (data not shown) and 2) the VEED motif is not similar to previously reported basolateral targeting signals (Aroeti et al., 1998; Bonifacino, 2014; Stoops and Caplan, 2014) , the current transmembrane proteins in polarized epithelia is routinely mediated by carriers arising from the trans-Golgi network and/or recycling endosome (Sheff et al., 1999; Brown and Breton, 2000; Ang et al., 2004; Mellman and Nelson, 2008; Bonifacino, 2014; Stoops and Caplan, 2014) . For most basolateral-destined cargo, sorting is dependent on distinct determinants encoded within the protein's cytosolic domain such as tyrosine (e.g., NPxY or YxxF)-or dileucine-based (e.g., D/ExxxLL) motifs that often also serve as endocytosis signals. In contrast, apical determinants are quite variable, localized throughout the protein, and can be associated with various components, including amino acids, carbohydrates, and lipids (Brewer and Roth, 1991; Mellman and Nelson, 2008; Youker et al., 2013; Bonifacino, 2014; Stoops and Caplan, 2014) .
Although TGFβRs have been extensively investigated as to their signaling activity and role(s) in a variety of diseases (Blobe et al., 2000; Feng and Derynck, 2005; Massagué, 2012) , the associated trafficking itinerary and regulatory components have not received similar attention. To that end, we previously determined that in nonpolarized cultures 1) TGFβRs undergo ligand-mediated internalization and down-regulation dependent on clathrin and TβRII kinase activity (Anders et al., 1997 (Anders et al., , 1998 ; 2) TβRI and TβRII bind AP2 via the trunk domain of the β2 subunit (Yao et al., 2002) ; and 3) TβRII undergoes constitutive recycling via a Rab11-, findings reflect both the uniqueness and need for further investigation of this enigmatic receptor complex.
As mentioned previously, a number of diseases have been associated with defects in altered trafficking or cell polarity (Stein et al., 2002; Verges, 2007; Mellman and Nelson, 2008) . Although similar examples have not (as yet) been reported for pathologies dependent on TGF-β, apically activated receptors could easily generate a variety of concerns associated with luminal ligand stimulating inappropriate proliferation/growth inhibition, development, and/or induction of an epithelial/mesenchymal transition. However, for this to be a concern, it would first need to be determined whether apically mislocalized TGFβRs were even capable of activating a signaling response, as it has previously been determined that various receptors can show differential signaling and/or endocytic activity in polarized epithelia depending on plasma membrane domain-specific expression (Denning and Welsh, 1991; Becker et al., 1995; Kuwada et al., 1998) . Furthermore, since TGFβR activity requires the formation of a heteromeric complex of type I and type II receptors (Wrana et al., 1992; Anders and Leof, 1996) , apical expression of both receptors is necessary. This was directly tested in Figure 7 where polarized MDCK cells expressing mislocalized chimeric TβRI and TβRII were shown to similarly induce Smad3 phosphorylation and PAI-1 induction when stimulated from either the apical or basolateral transwell chamber. In that TGFβRs are capable of coupling to the cellular signaling machinery regardless of their overall membrane locale, such findings clearly indicate the importance of domain-specific expression in order to appropriately respond to environmental cues and maintain normal homeostasis.
MATERIALS AND METHODS
Cell culture and transfection
MDCK and R1B cells were maintained in DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT) at 37°C and 5% CO 2 . For transwell culture, cells were plated at a density of 7.5 × 10 4 cells in 0.5 ml of culture medium or 5 × 10 5 cells in 1.5 ml of culture medium in 12 and 24 mm Costar polycarbonate membranes (Corning, Corning, NY), respectively. Medium was changed every day, and polarization was achieved after 72 h (Murphy et al., 2004 (Murphy et al., , 2007 .
MDCK clones stably expressing chimeric type I and type II TGFβRs were maintained as above with the addition of 500 μg/ml G418 (Mediatech, Manassas, VA) and 250 μg/ml hygromycin (Invitrogen, Carlsbad, CA). The designations αI and βII refer to chimeric receptors expressing the extracellular ligand-binding domain of the GM-CSF α or β receptor coupled to the transmembrane and cytoplasmic domain of the TGF-β type I and type II receptors, respectively (Anders and Leof, 1996) . We have previously determined that analogous signaling and trafficking activity is observed with chimeric and native TGFβRs (Anders and Leof, 1996; Anders et al., 1997; Yao et al., 2002; Mitchell et al., 2004; Murphy et al., 2004 Murphy et al., , 2007 Yin et al., 2013) Transfection of cells cultured in transwell dishes was performed 48 h following seeding using Lipofectamine 2000 (Life Technologies). Briefly, culture medium was changed to Opti-MEM (Life Technologies) prior to addition of 2 μl Liopfectamine 2000 diluted in 50 μl Opti-MEM with 0.2 μg receptor DNA and 0.4 μg of empty vector in 50 μl Opti-MEM (100 μl total). Following room temperature incubation for 20 min, the DNA and Lipofectamine 2000 mixture was then added into the apical transwell chamber for 3 h at 37°C. The medium was removed and replaced FIGURE 5: Monolayer TβRI trafficking is controlled independent of the VEED basolateral targeting signal. One MDCK cell line expressing wild-type chimeric TGFβRs (αIβII #7) and three expressing a wild-type chimeric type II in the context of a chimeric type I mutated in the VEED motif (αI-4XβII #2, #4, and #6) were assessed for effect on receptor recycling (A), internalization (B), and down-regulation (C) as described under Materials and Methods and in Anders et al. (1997) , Mitchell et al. (2004) , and Yin et al. (2013) . Table S1 lists source and use of all antibodies. After washing with ice-cold wash buffer (3 × 5 min), the cultures were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS at room temperature for 20 min and subsequently quenched with 50 mM NH 4 Cl/PBS on ice for 10 min before incubation (room temperature, 30 min) with secondary antibodies and 4′,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR) diluted in blocking buffer. Slides were mounted using Vectashield (Vector Laboratories) following washing (3 × 10 min) in wash buffer.
For monolayer staining, cells were fixed as above, permeablized (0.1% Triton X-100/PBS for 10 min), and incubated for 1 h in blocking buffer (5% normal goat serum, 1% glycerol, 0.1% BSA, 0.1% fish skin gelatin, 0.04% sodium azide, PBS, pH 7.2) prior to addition of primary antibodies (in blocking buffer) for 1 h. Slides were washed with PBS (3 × 10 min) and then incubated with secondary antibodies in blocking buffer for 30 min. After PBS wash (3 × 10 min), slides were mounted using Vectashield. All treatments were performed at room temperature.
Fluorescence internalization images were acquired at room temperature using an AX-70 Olympus microscope (100×/1.35 NA oil immersion objective) equipped with a C4742-95-12NR camera (Hamamatsu, Japan). For confocal microscopy a 100× objective (1.3 NA oil lens) on a Zeiss LSM 510 confocal system was used (Carl Zeiss, Jena, Germany) . No two-dimensional deconvolution of nearest neighbors or three-dimensional reconstructions, surface or volume rendering, or gamma adjustments were performed. Quantitation was done using MetaMorph, version 7.3.2 (Molecular Devices, Sunnyvale, CA).
Cell-surface receptor biotinylation
Cell-surface TGFβRs were detected by biotinylation essentially as described (Yin et al., 2013) . Briefly, following plating of 5 × 10 5 cells in 24-mm transwells for 72 h and daily medium (10% FBS/DMEM) change, sulfo-NHS-SS biotin/Hanks balanced salt solution (HBSS) (1 mg/ml; Thermo Scientific, Rockford, IL) was added to the apical (1 ml) or basolateral (1.5 ml) surfaces of polarized transwell cultures for 1 h at 4°C. To assess total (T) labeling, 1.5 × 10 6 cells were seeded (10% FBS/DMEM) into 10-cm 2 culture plates for 24 h. Biotin labeling was similarly performed using 3 ml of 1 mg/ml sulfo-NHS-SS biotin/ HBSS. Cells were lysed by addition of modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.25% deoxycholate, 150 mM NaCl, 1 mM EDTA, 10 mM NaF) with protease inhibitors (Roche, Indianapolis, IN) and biotinylated proteins (0.75 mg) precipitated by addition of streptavidin-agarose (150 μl; Thermo Scientific) in 1 ml of total volume for 3 h at 4°C. Following elution with 150 μl 4× Laemmli buffer (70°C for 20 min), target proteins were detected by Western blotting using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).
Western blotting
Monolayer and polarized chimeric receptor MDCK cell lines were serum starved with 0.1% FBS/DMEM for 16 h before induction with either GM-CSF (100 ng/ml) or TGF-β1 (10 ng/ml; R&D with 10% FBS/DMEM, and immunostaining (see below) was performed subsequent to an additional 16 h 37°C incubation. For cells in monolayer dishes, transfection was carried out similarly as above, except cells were seeded for 24 h prior to transfection, no empty vector DNA was used, the DNA and Lipofectamine 2000 mixture was removed following 6 h treatment, and cultures were incubated for 24 h prior to use.
Plasmid construction
The human type I TGFβR with a Myc tag between amino acids 27 and 28 (provided by Yoav Henis) was cloned into pcDNA3.1(+) (Invitrogen) between the NotI and HindIII sites. All mutations and deletions were generated using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) for both native and chimeric TGFβRs.
To examine the effect of the TβRI basolateral-targeting sequence on apically directed nerve growth factor receptor trafficking, the extracellular and transmembrane domain of the human NGFR was first cloned into pcDNA3.1(+) at KpnI and XhoI. A BamHI site was introduced right after the transmembrane domain where TβRI sequences from amino acids 148 to 217 expressing either wild-type or the BL targeting mutant VEED/AAAA were inserted.
Direct recycling assay
This was previously described in detail (Fraile-Ramos et al., 2001; Mitchell et al., 2004) . Briefly, an antibody recognizing the extracellular receptor domain is visualized through 1.5 cycles of recycling. Since the fluorescent secondary antibody binds only those receptors that return to the cell surface with attached primary antibody, intracellular fluorescence is observed following an additional internalization event.
Immunostaining and microscopy
Transwell cultures were rinsed with filter-sterilized 0.2% bovine serum albumin (BSA)/phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , pH 7.4; wash buffer) and incubated with primary antibody diluted in ice-cold 5% normal donkey serum (NDS; Vector Laboratories, Burlingame, CA)/0.2%BSA/PBS (blocking buffer) on ice for 1 h. Supplemental
Internalization and down-regulation assays
Internalization and down-regulation assays with chimeric TGFβRs were performed as previously described (Anders et al., 1997) . Briefly, for internalization studies, MDCK clones were plated in sixwell dishes (9.6 cm 2 /well) at 1.5 × 10 5 cells/well for 24 h. Following incubation with 125 I-labeled GM-CSF (100 pM; Perkin-Elmer, Waltham, MA) for 2 h at 4°C in the presence or absence of 25-fold excess unlabeled GM-CSF (2.5 nM) and removal of unbound ligand, cells were placed at 37°C for the indicated times. Remaining surface-bound ligand was removed/counted by acid stripping (PBS, pH 3.0) and internalized ligand determined by cell solubilization in 0.2 N NaOH/40 μg/ml salmon sperm DNA.
Systems, Minneapolis, MN) at 37°C for 1 h. R1B cells transfected with either TβRI or TβRIVEED/AAAA (TβRI4X) were serum starved for 2 h and induced with TGF-β at 37°C for 1 h. Cells were lysed in modified RIPA including protease inhibitor cocktail on ice for 1 h. Clarified lysate (16,200 × g for 15 min) was resolved on SDS-PAGE, transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA), blocked with 5% nonfat milk in 150 mM NaCl/10 mM Tris (pH 7.4)/0.1% Tween 20, incubated overnight at 4°C with primary antibodies, and, following addition of horseradish peroxidase-conjugated secondary antibodies (1 h, room temperature), processed as described above in cell-surface biotinylation.
FIGURE 7: Apical mislocalized TGFβRs are signaling competent. (A) Type I TGFβR basolateral targeting motif has no effect on TGF-β-induced Smad3 signaling. Top: Chimeric receptor expressing MDCK lines expressing wild-type (αIβII #7) type I and type II receptors or a wild-type type II receptor and type I receptor mutated in the VEED basolateral targeting domain (αI-4XβII #2, #4, and #6) were treated in the absence (-) or presence of GM-CSF (GM, 100 ng/ml) or TGF-β (10 ng/ml) for 1 h before being processed for Western analysis using phospho (p) or total (t) Smad3 sera. Bottom: R1B Mv1Lu cells (do not express native TβRI; Boyd and Massagué, 1989) were transiently transfected with either native wild-type TβRI or TβRI mutated in the VEED domain (TβRI-4X) directing basolateral receptor delivery. Phospho and total Smad3 was determined following 1 h stimulation ± 10 ng/ml TGF-β. (B) MDCK cells stably expressing either a wild-type chimeric type I receptor (αI) and a type II receptor (Murphy et al., 2007) mutated such that it mislocalizes to the apical membrane (αIβIIA531G #43) or chimeric type I and type II receptors that both undergo apical trafficking (αI-4XβIIA531G #44) were polarized on transwell inserts and stained for the indicated proteins. Images are presented as perpendicular XZ confocal cross-sections, and nuclei were stained with DAPI. (C) Cartoon depicting the locale of native and chimeric TGFβRs based on the chimeric receptors immunostaining data from B. (D) Chimeric clones from B were cultured in six-well transwells for 72 h. Cells were serum starved with 0.1% FBS/DMEM for 16 h and then either left untreated (-) or stimulated with TGF-β (10 ng/ml) or GM-CSF (100 ng/ml) from apical (AP), basolateral (BL), or both sides (T) at 37°C for 1 h. Equivalent protein was processed by Western blotting for phospho (p) or total (t) Smad3. Blots for A and D are representative of three separate experiments. (E) Polarized MDCK clones from D as well as three additional clones (e.g., #21, #27, and #39) expressing apically targeting chimeric TβRI and TβRII were treated as in D for 3 h with either GM-CSF (100 ng/ml; left) or TGF-β (10 ng/ml; right) and processed by RT-PCR for expression of PAI-1. Data reflect mean ± SEM from three biological replicates for control αIβIIA531G (#43) and pooled replicates for each (n = 8) of the αI-4XβIIA531G clones (#21, #27, #39, and #44).
